The purpose of this paper is to test whether one to two year old children can learn to discriminate the length of line segments or not and, if they can, to investigate how accurately they can discriminate.
As to the discrimination of line length, it is well known that human adults can discriminate it accurately and that the Weber's ratio is about 1/100 (Frobes, 1923; Obonai, 1955) . In addition, developmental studies show that children aged six years can discriminate it as well as adults (Frobes, 1923) . However, there are few experimental studies which investigate how early children can discriminate the length of line segments. It is important to investigate whether or not young children are able to learn to discriminate line length. In addition, to investigate the basic processes of the discrimination of line length, it is desirable to examine the discriminative behaviors of young children, because it is expectedly impossible for young children to use various figural cues in the discrimination of length, although adults can use them (Umezu, 1938) . Umezu (1935) , using congenitally blind adults and sighted adults as subjects, studied the effects of the spatial arrangements on the estimation of line length. In his study, subjects were asked to reproduce freely the sample line length by their finger movements at the same place as the sample line segment or at other places. He found that the performance of the congenitally blind fluctuated more than that of the sighted who saw the stimuli in the estimation of line length and whose estimation of line length varied according to the spatial arrangements of two lines. This indicates that the spatial arrangements of lines play an important role in the discrimination of line length.
However, Umezu failed to analyze further the effects of the spatial arrangements of lines. Therefore, the present research will ascertain that one to two year old children will be able to discriminate line length, and investigate the effects of the spatial arrangements of the two parallel line segments. And through the analysis of these effects, it will be discussed what processes support their discriminative behaviors.
Experiment I
The purpose of Experiment I is to examine whether one to two year old children can or cannot learn to discriminate the length of lines and, if they can , to investigate how accurately they can discriminate.
Two spatial arrangements were compared: the arrangement (A) where two lines were horizontally placed in a row and the arrangement (B) where two lines were vertically placed next to each other and their lower ends were horizontal , as shown in Fig. 2 were used. The width of the rods was about 1cm. The length of the groove of the 11 boards was 1.0, 1.5, 2.0, 2. 5, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0, or 12.0cm , respectively. For each experimental session two stimulus boards were simultaneously presented, one the standard and the other the comparison together with one rod whose length was the same as that of the standard groove but longer than that of the comparison. For example, when a 3cm long rod was used, the groove of the standard was 3.0cm long and the grooves of comparisons were 1.0, 1.5, 2.0, or 2.5cm long (as shown in Fig. 1 ). The subject's task was to put the rod into the groove of the standard.
Arrangements of stimuli. Two kinds of spatial arrangements were used. One was Arrangement (A) in which two lines grooved on the boards were horizontally placed in a row with the distance between the near ends of the two lines being 2cm . The other was Arrangement (B) in which two lines were vertically placed next to each other, their lower ends were horizontally aligned and the distance perpendicular to them was 5cm.
See Fig. 2 (A) and (B). Subjects sat in front of a table When "y" is 3cm, "x" is 1.0 , 1.5, 2.0, and 2.5cm. When "y" is 6cm, "x" is 2 .0, 3.0, 4.0, and 5.0cm.
When "y" is 12cm , "x" is 4.0 6.0, 8.0, and 10.0cm. and the stimulus boards were placed on it. The distance between the stimulus boards and subject's face was about 25cm. Subjects could move their faces freely.
Procedure. Subjects in both groups were given three tasks where standards were 3.0, 6.0, or 12.0cm long. Each subject was given one task per day. The order of presentation of stimuli in each subject was based on a Latin square. The procedure was divided into the following three sessions: Playing session, training session, and experimental session.
Playing session: Children played with an experimenter in a playroom for about half an hour, where they were able to establish some rapport with the experimenter. Then they were taken to the experimental room one by one with him.
Training session: A standard stimulus board and a rod which was as long as the groove of the board were placed on a table, and the rod was handed to the subject. When he succeeded in putting the rod into the groove, "social" reinforcements such as praising verbally, clapping hands and patting him on the head were given to him. Most of the subjects tried to put the rod into the groove spontaneously, but if they did not, the experimenter showed them how to do it. This training was repeated eight trials on the first day. On the second day and on the third day, only two trials were given to the subjects. Immediately after this training the experimental session began.
Experimental session: Subjects began with the discrimination of the easiest stimulus pair. For example, when a standard was 3.0cm long, the easiest comparison was 1.0cm long. When the subject was handed a rod by the experimenter and the stimulus boards were presented on the table, his task was to put it into the longer groove of the stimulus boards. When he succeeded, "social" reinforcements were given to him and the stimulus boards were put away by the experimenter.
Following this, the rod was again handed to the subject before the next stimulus boards were presented on the table. In case of incorrect responses, that is, when the subject attempted to put the rod into the shorter groove, he was allowed to correct himself. "Social" reinforcements were given to each response to the correct stimulus. The spatial position of the standard and the comparison was based on the Fellows' series (1967) , which was the modified version of the Gellermann's series. When subjects made four consecutive correct responses in each stimulus pair, the discrimination proceeded to the next difficult one. The task ended when the criterion of four consecutive correct responses was not achieved within ten trials in a particular stimulus pair. If correct at the tenth trial, the task continued till the incorrect response or four consecutive correct responses appeared. The order of the presentation of comparisons was for the 3.0cm standard, 1.0, 1.5, 2.0, and 2.5cm; for the 6.0cm standard, 2.0, 3.0, 4.0, and 5.0cm; for the 12.0cm standard, 4.0, 6.0, 8.0, and 10.0cm, in that order. The ratio of length of the standards to the comparisons was equal in each stimulus pair among three standards.
The discrimination score of subjects was obtained by the following formula: %S/S =[the length of the standard-(the length of the comparison in the last successful task+the length of the comparison in the failed task)/2] / the length of the standard.
Results and Discussion
One to two year old children were found to be successful in performing this discrimination task of line length without relying on verbal instruction. When stimulus boards were presented, most of the children hesitated for several seconds, and then proceeded to put the rod into the groove of one of the boards. There were some children who put the rod into To investigate which of these factors affects the discrimination of line length, Experiment II was planned, where performances in the four spatial arrangements were examined.
Experiment II
As the results in Experiment I seemed to show that the length of the standard did not influence the accuracy of the discrimination, the length of the standard was fixed to 12.0cm in Experiment II. In Experiment I, it was suggested that the individual difference might be due to the difference in age among the subjects. To put this to the test in this experiment, each group was divided into a older age subgroup and a younger age subgroup.
If the factors suggested in the previous discussion are responsible for the discrimination of line length, the following predictions can be made. (a) If the difference of the orientation of lines influences the discrimination of the length of lines, one will predict a difference in the scores between Groups (C) and (D), because the middle points of the two lines in Arrangement (C) are arranged horizontally and those in Arrangement (D) vertically as shown in Fig. 2. (b) If the factor of dimensions is responsible for the discrimination of the length of lines, the score of Group (E), where two lines are vertically arranged in two rows 20cm apart and the lower ends of them are horizontal, will be worse than that of Group (B), but the same as that of Group (A), because the distance measured perpendicularly to the lines in Arrangement (E) is nearly equal to the distance of far ends of two lines in Arrangement (A). (c) If the discrimination is easier to make with two rows than with one row, the score of Group (C) will be better than that of Group (A) and there will be no difference in the scores between Groups (B) and (C). (d) If subjects attend only to parts of the stimuli instead of seeing the whole, they will be able to make correct responses by looking at only the upper half of the stimuli in Arrangement (B). In contrast, subjects must see the whole stimuli in order to respond correctly in Arrangement (A). Therefore, the score of Group (B) will be better than that of Group (A). Secondly, one may predict a difference in the scores between Groups (B) and (C), for the difference of two lines in the upper part in Arrangement (B) is twice as long as that in Arrangement (C). For example, when the standard is 12.0cm and the comparison is 8.0cm long, the difference in the upper part in Arrangement (B) is 4.0cm while in Arrangement (C) the difference is only 2.0cm. Provided that subjects can use this partial cue, lines will be discriminated more easily in Arragement (B) than in Arrangement (C). Thirdly, one may predict that the discrimination of the length of lines in Arrangement (E) will be more difficult than in Arrangement (B), since in Arrangement (E) two lines are further apart, making the use of the partial cue more difficult. Conversely, the partial cue is exaggerated in Arrangement (F) where the lower end of the comparison is always 2cm lower than that of the standard with two lines being 5cm apart. If the partial cue is effective, the score of Group (F) will be better than that of Group (B).
Method
Sixty children (34 males and 26 females) ranging from 19 to 33 months in age were divided into six groups (A) to (F), each containing 10 children. Each group was given one of the six spatial arrangements (A) to (F). Each of the six groups was subdivided into two subgroups of five children: the older age subgroup (more than 27 months) and the younger age subgroup (less than 26 months). Mean ages and standard deviations of ages of each Table  2 The discrimination score and the mean age of each group group and each subgroup are shown in Table 2 . Arrangements (A) and (B) were reexamined because the mean ages in Experiment II were not exactly the same as in Experiment I. The arrangements of stimuli are illustrated in Fig. 2 . The procedure was the same as that of the first day in Experiment I.
Results and Discussion
The average scores and the standard deviations of each group and each subgroup are shown in Table 2 . The scores of the older age subgroups were significantly better than those of the younger age subgroups except in Group (E). And sex difference was not significant according to Randomization Test. Though it is unclear why there was no significant difference in Group (E), it should be concluded that the individual difference shown in Experiment I might be ascribed to the age difference.
A discussion of four factors mentioned earlier will now follow: (a) There was no difference in the scores between Groups (C) and (D). Therefore, the orientation of lines cannot be responsible for the accuracy of the discrimination of line length, at least as a factor which can explain the difference in the scores between Groups (A) and (B) in Experiment I. (b) The mean score of Group (E) was significantly better than that of Group (A) (F=4.50, df=1/16, p<.05).
The main factor of age was not significant, nor was the interaction of age and the spatial arrangement (F<1, in either case) .
Discrimination of line length
There was no significant difference in the scores between Groups (B) and (E) (F=1.3, df =1/16, p>.05).
Hence, the factor of dimensions does not seem to influence the discrimination of the length of lines. (c) A factorial analysis of variance for Groups (A) and (C) revealed that the main factor of age was significant (F=10.8, df =1/16, p<.01), but the factor of spatial arrangement and its interaction with age were not significant (F =3.33, df =1/16, p>.05; F =3.33, df= 1/16, p>.05).
The score of Group (B) was significantly better than that of Group (C) (F=7.14, df =1/16, p<.05).
Here, again, the results failed to confirm the predictions. That is, the arrangement of two rows compared with that of one row does not make the score of Group (B) better. (d) As the score of Group (B) was better than that of Group (C), it is possible that children may have used the partial cues. However, there was no significant difference in the scores between Groups (B) and (E) as mentioned above. In addition, the score of Group (F) was worse than that of Group (B) although this was not statistically significant (F 3.85, df -=1/16, p>.05) .
Therefore, the factor of the partial cues does not seem to play any important role in discrimination of line length.
From these analyses it could be concluded that in one to two year old children the four factors suggested in the discussion of Experiment I do not seem to influence effectively the discrimination of line length. Therefore, it is suggested that in the case of discrimination of the length of two parallel line segments, the discriminative behaviors may be explained by the following hypotheses.
1. The discrimination of length is performed by mental superposition of the two line segments in the representational space. When the images of the two line segments coincide exactly with each other in the representational space, subjects judge that the two line segments are equal in length. When the images of the two line segments do not coincide exactly, the one with some length remaining is judged the longer of the two.
2. The spatial distance in the superposition of two line segments by the parallel translation affects the accuracy of the discrimination. When the two dimensional vector of the superposition is analyzed into the vector of the direction of the line segments and the vector of the direction perpendicular to them, the discrimination processes are interfered substatially by the former but negligibly by the latter.
3. The amount of interference of each vector increases with the norm of the vector, 4. When there are two alternative directions through which superposition can proceed, it is performed in the direction with the least interference.
The above hypotheses will be used to explain the results of Experiments I and II. As shown in Fig. 2 , Arrangement (A) is the one which receives the largest interference, because the vector of the parallel translation in Arrangement (A) is identical with the vector of the line segment which is supposed to generate a large interference effect. Arrangement (B) is the one having the least interference according to the hypotheses, for the direction of the parallel translation in Arrangement (B) does not include the component of the direction of the lines. The direction of the dotted line in Fig. 2 (B) is not permitted since it is assumed that the superposition is performed in the direction of the least interference. In case of Arrangement (C), the direction of the parallel translation is shown by the vector a in Fig. 2 (c) . When the vector a is analyzed into the vector b and vector c, the vector b largely interferes with the discrimination of line length. The norm of the vector b, i.e., the component of the direction of the lines in Arrangement (C) is smaller than that of Arrangement (A) but larger than that of Arrangement (B). Therefore, the scores of Group (C) is better than that of Group (A) and worse than that of Group (B). Arrangement (D) has the same components as Arrangement (C). Hence, there is no difference in performance in Groups (C) and (D). Arrangement (E) does not have the component of the direction of the lines which has the large interference, but has the large component of the direction perpendicular to lines which has the small interference. Therefore, the score of Group (B) has a small advantage over that of Group (E). Arrangement (F) has about the same components of the parallel translation as Arrangement (C), as shown in Fig. 2 . Hence, the score of Group (F) will be similar to that of Group (C). 1 cm in Arrangement (I) and 20 cm in Arrangement (J). As the component of the direction perpendicular to the lines is supposed to interfere little with the discrimination of line length, it may be predicted that there will be little difference in the scores among Groups (I), (J), and (C).
Method Forty children (21 males and 19 females) were divided into four groups, each containing 10 children. Mean ages and standard deviations of ages of four groups (G) to (J) are shown in Table 2 . The procedure was the same as that of Experiment II.
Results and Discussion
The mean score in Group (G) was .22. This score is about the same as that of Group (B) (F<1), and consistent with the prediction. The mean score of Group (H) was .33, and it is also very near the score of Group (A) (F <1). The score of Group (I) was .23, and the score of Group (J) was .30. The score of Group (C) in Experiment II was .27. Though as the distance perpendicular to lines gets longer the scores seem to get worse, there is no difference of the scores among Groups (I), (J), and (C) (F<1). These results are consistent with the prediction of the hypotheses.
In Arrangement (J), and also in Arrangement (E) in Experiment II, where two lines were placed 20 cm apart, some of the subjects tried to shorten the distance between the stimulus boards by their hands. This might mean that they tried overtly to superpose the length of line segments.
General Discussion
To summarize the following results were obtained: (a) One to two year old children could learn to discriminate the length of two parallel line segments; (b) the Weber's ratio in the optimal condition was about .18; (c) the accuracy of the discrimination was dependent on subjects' ages and was better in the older age groups than in the younger age groups in almost all arrangements; (d) the accuracy of the discrimination of the two parallel line segments was influenced by the various spatial arrangements of the line segments to be discriminated. The observed variation in performance can be consistently explained as follows: When two paralell line segments are superposed by the parallel translation in the representational space, the translation being analyzed into the vector of the direction along the line segments and the vector of the direction perpendicular to them, the accuracy of the discrimination of them is almost solely determined by the norm of the vector of the direction along the line segments.
Recently, Shepard and Metzler (1971) showed that the time required to judge whether two perspective line drawings of three-dimensional objects differing in orientation were same or not increased linearly as the angular departure of them increased. Since then, many experiments about mental rotation have been carried out (for example, Cooper & Shepard, 1973; Cooper, 1975 Cooper, , 1976 . These studies have suggested that in order to compare patterns differing in orientation it is necessary to bring them into congruence in mental space. Sekular and Nash (1972) , Bundesen and Larsen (1975) , and Larsen and Bundensen (1978) investigated the matching of the patterns differing in size, and showed that the time required to determine the identity of the patterns increased approximately linearly as a function of the linear size ratio of the patterns. They suggested that the identification of different-sized patterns was performed by a process of mental size transformation. Katori (1977) studied the mentally retarded's discrimination of spatial positions of dots, and pointed out the important role of internal superposition in the discriminative behavior. As to lines, Hartley (1977 Hartley ( , 1981 reported that reaction times increased linearly with judged length when the length of lines was estimated using a short length or a mental image of a short length as a standard. He interpreted this as the subjects' laying off a mental image of the standard along the line to be judged.
These studies suggest that perceptual comparison processes of objects might be based on the active operation of the mental superposition of the images of them in the representational space. This might be applied to the discrimination processes of line length by children. Indeed, assuming that subjects mentally superpose the line segments and that the component of direction of them in the parallel translation almost determines the accuracy of the discrimination, all results can be explained coherently. Though it is not known whether the nature of the representation of patterns is picture-like or propositional (this problem was discussed by Pylyshyn, 1973) , it would be supposed that the line length and the spatial distance along the line segments interfered with each other in the process of superposition. Generally, when the accuracy of the discrimination in some task is influenced by the spatial and the temporal conditions, one of the causes of the variation of the accuracy might be ascribed to the representational ability of the subject. For instance, when information of stimuli is well retained in the mental superposition and the loss of the information is small, the accuracy of the discrimination is thought to be good. One of the reasons why the accuracy of the discrimination of line length improves with age may be that the extent of the loss of information in the mental superposition by the younger is much larger than by the older.
The most basic definition of the equivalence of the length of line segments would be that the two line segments would coincide exactly with each other. The discrimination of line length might be performed by the subject's operation depending on this definition of the equivalence of line length. Fujita (1980) has suggested in his preliminary study that the hypotheses presented here are applicable to adults' reproduction of line length. This may indicate that both adults and one to two year old children are dependent on the same kind of the representation of line segments.
